Abstract-Phenotypic plasticity, i.e., the ability of a genotype to produce various phenotypes in response to changes in the environment, plays an important, although poorly understood and often underestimated, role in evolution. Both adaptive and nonadaptive phenotypic plasticity modulate the strength and direction of selection acting on a population and can, depending on conditions, either accelerate or inhibit adaptation, divergence, and speciation. Phenotypic plasticity also affects the direction of evolutionary change, which can either coincide with the direction of plastic changes (genetic assimilation) or be the opposite (genetic compensation). A special case of phenotypic plasticity is phenotypic change of the host caused by changes in its symbiotic microbiota. In the current review, we discuss the main forms of phenotypic plasticity and the current data on their impact on the rate and direction of evolutionary change. Special attention is paid to the results of recent experimental work, including the long-term evolutionary experiment on Drosophila melanogaster, which is being held at the
Phenotypic plasticity (PP) is the ability of a single genotype to produce different phenotypes depending on the environmental conditions. Nearly all traits, in one way or another, are the subjects of PP, because phenotype as a whole and all its components develop as a result of complicated interactions between genetic and environmental factors during ontogenesis [1] as well as a result of ontogenetic "noise" [2] .
Importance of the evolutionary role of PP was underlined by early evolutionists [3] [4] [5] ; however, it was often underestimated later on. Since phenotypic changes caused by the environment do not directly impact the genes inherited by the offspring and cannot be "written" straight into the genome, theoretical studies and course books on evolution often paid PP little attention [1] . Interest in PP was recently renewed among evolutionists [1, [6] [7] [8] [9] , including the interest within the framework of a new field of study, ecological developmental biology (eco-devo), which focuses on the impact of environment on ontogenesis [10, 11] .
Experimental studies of evolution are a rapidly developing field able to bring many controversial topics into light, including the evolutionary role of PP [12] . However, to this date, experimentally confirmed cases of PP modulating the rate and direction of evolution are rare. In the current review, we will discuss the main forms of PP, which can be categorized by their influence on the fitness and general degree of phenotypic variability, and discuss their evolutionary role with a special emphasis on new experimental data.
(1) Selection and PP Natural selection is the main factor that determines the evolution of populations and species. Genetic composition of populations changes under its influence, which is a key phenomenon of evolutionary changes. These concepts were thoroughly developed within the framework of synthetic (or genetic) theory of evolution (STE), established by the middle of the 20 th century as a result of the synthesis of genetics and Darwinism. In the simplest genetic evolutionary models, selection directly affects the genes, altering their frequencies within a population. However, it must be accounted for that, in reality, a phenotype develops as a result of complex interactions between genes and environment, and evaluation of genotypes by selection usually occurs during interactions between specimens, i.e., selection or elimination of genes is determined by interactions of phenotypes. Simplest models are applicable only when a trait manifestation, i.e., the phenotype, is determined exclusively by the genotype, while environment and ontogenesis do not affect its variation. Only "Mendelian" traits, which typically possess an almost univocal correspondence between genotype and phenotype, meet this requirement. In natural conditions, these traits occur extremely rarely. In most cases, environment and special features of ontogenesis affect the trait's manifestation in addition to genotype. Their rigorous derivation is described in the fundamental model of genetics of quantitative traits, which assumes that a certain expression (value) of a specimen's trait is determined by its genotype; however, the impact of nongenetic factors affecting the course of ontogenesis alters this value. These factors, both external and ontogenetic per se, can be numerous; thus, contribution of each individual factor becomes random and insignificant. As a result, the distribution of phenotypes under an established genotype must have a normal distribution with determined dispersion [13] . This dispersion will be a measure of PP, because it reflects the degree of deviation of phenotype under an established genotype.
It is known from genetics of quantitative traits that the magnitude of response to selection, i.e., selective shift, is determined by the relationship between additive genetic variability and nongenetic variability. The latter can essentially be considered as a measure of PP. If PP for a given trait is absent, the selection directly affects the genotypes, and selective shift will be great. The aforementioned "Mendelian" traits conform to this condition. However, in most cases, both genetic and nongenetic factors affect expression of a trait; thus, genetic and nongenetic variability (PP) can be observed within a population. As a result, in a general case, PP decreases response to selection, independent of direction of its vector.
The aforementioned model makes one important assumption: nongenetic factors affecting a trait follow normal distribution. As a consequence, strong deviations of a trait under an established genotype occur significantly less frequently than small deviations, and directions of deviations are symmetric relative to mean value set by the specimen's genotype. Due to this factor, a sum of the impacts of factors increasing the trait's value must equal the impacts of factors that decrease it. The model also assumes that specimens with different genotypes must have equal deviations under equal impact of external factors on their ontogenesis, i.e., must have equal PP.
Real-life populations considerably deviate from this generalized case. First, different genotypes can react differently to the external influences, i.e., different genotypes possess different PP. Second, the nature of the effect of nongenetic factors may not follow a normal distribution. For example, population can occupy two or more very different ecological niches, and niches with intermediate conditions can be absent. As a consequence, distributions of traits in specimens with an established genotype can approach a not normal but discrete type, because only considerably differing discrete environmental factors will affect the trait's formation. If the focus is on the process of adaptation to new habitat conditions, then the direction of phenotypical shift under various conditions may or may not correspond to the direction of selection in a new niche or may not be connected with it at all. Following this approach, the role of PP appears more ambiguous then described before. Various relationships between direction of PP and vectors of selection during the course of adaptation to differing habitat conditions are discussed below.
The role of selection in formation of PP have not yet been sufficiently explored, and existing data are fragmentary. For example, tadpoles of Rana sylvatica raised in the presence of dragonfly larvae were demonstrating a shift in the same phenotypic traits in the same direction as occurs in the case of differential elimination due to dragonfly larvae being allowed to eat the tadpoles [14] ; i.e., the most plastic traits were prone to selection. The authors conclude that plasticity of traits is determined by the presence or absence of predators in a water body, because tadpoles raised in the presence of dragonfly larvae possess lower viability values than tadpoles developing in isolation from these predators.
Effectiveness of a selection's impact on PP decrease was demonstrated in a series of experiments with the plants of Arabidopsis thaliana, which were cultivated under varying degree of shading [15] . Four versions of the experiment were conducted: plant developed in constant shading, development occurred without shading, plant was shaded before the bolting with later development with no shade imposed, plant was shaded after the bolting with no shading imposed before. This experiment demonstrated that, in some traits, positive selective shift was accompanied by a decrease in PP, while negative selective shift was not accompanied by PP alterations in others.
Certain evolutionary experiments on Drosophila and mice demonstrated that an increase in PP for the selected trait occurs during the course of selection [16] . The authors suggest that, in this case, alleles responsible for high PP are the subjects of selection.
Finally, mathematical models predict a low level of PP to remain for traits associated with sexual selection, which determine matching of sexual partners during mating [17] .
Unfortunately, current lack of factual data does not allow us to describe the patterns of PP formation under selection and other evolutionary factors.
(2) Environmental Influence on Ontogenetic Stability and Variability. Stabilizing and Destabilizing PP Fluctuating environmental conditions can influence ontogenetic stability and change the magnitude of the observed PP. These changes can be interpreted as stabilizing (canalizing) or destabilizing (diversifying) PP. Moderate stress effects of the environment can decrease variability. That is, heat shock suppresses phenotypic expression (decreases penetrance) of a number of deleterious mutations in Caenorhabditis elegans by increasing expression levels of chaperones, thus increasing the developmental stability [18] . This is a case of stabilizing environmental influence on the ontogenesis and phenotype. Stabilizing PP (as well as adaptive PP, see below) contributes to accumulation of hidden genetic variation, which can occur under a change in environment, and increase the chances of successful adaptation for a population. Experimental confirmation of positive influence of hidden variation on fitness was obtained in an evolutionary experiment on artificial replicators, ribozymes, capable of Darwinian evolution in vitro [19] .
Environmental influences disrupting functions of the stabilizing mechanisms and feedback connections during ontogenesis can lead to destabilization of development, which manifests as an increase in fluctuating asymmetry [20, 21] or burst of hidden variation expression that herein becomes a subject to selection [22, 23] . For example, in fishes Astyanax mexicanus, represented by blind cave populations and sighted surface populations, transfer from surface water bodies to cave ones leads to decrease in expression of chaperone Hsp90. Lowered electrical conductivity of cave waters was demonstrated to play a key role in this phenomenon; however, particular mechanisms of impact of water conductivity on Hsp90 expression remain unrevealed. Decrease in Hsp90 expression leads to manifestation of hidden variation of the eye size: specimens with both heavily enlarged and reduced eyes appear (an example of destabilizing PP). New phenotypes can be quickly stabilized by cross-breeding and selection: e.g., offspring of mating specimens with minimal eye size demonstrate this trait even with undisturbed expression of Hsp90. Individuals with reduced eyes have selective advantage in cave water bodies. Apparently, destabilizing PP played a key role in reduction of eyes in cave populations [24] .
(3) Adaptive PP as an Inhibiting Factor of Evolution If we view not a level of variation in general but particular changes that are, with a certain probability, caused by environmental influence, then cases of PP are convenient to classify according to their effect on fitness. Thus, PP can be nonadaptive, neutral, or adaptive (in the latter case, we speak of "adaptive modifications"). For example, if small specimens breed more efficiently than larger ones under the condition of food deficiency, slowing growth in response to starvation is an adaptive PP. If specimens that were able, despite the food shortage, to grow large are breeding better than smaller ones, the same nonheriditary variation should be classified as nonadaptive PP.
Adaptive PP can inhibit adaptive evolution. If a trait automatically shifts towards the "advantageous" side in new conditions, drawing the phenotype towards optimum under an unchanged genome, this influence of genetic polymorphism on a trait will be masked by adaptive modification, and selective effects on alleles affecting the trait will be weakened. Thus, adaptive PP can replace the "usual" genetically determined adaptation [1, 9, 25] , including that in evolutionary experiments [16] .
Capacity for adaptive modifications in many cases is a result of previous adaptive evolution [26] . For organisms inhabiting a heterogeneous environment, an ability to form an optimal phenotype under an unchanged genome in any conditions could become an "ideal adaptation." This is why relative scarcity of adaptive PP in nature is viewed as a paradox in need of explanations by certain authors [27] . Models demonstrate that the route evolution assumes in a heterogeneous environment, either towards genetic diversification and formation of numerous specialized forms with low PP or towards widened range of reaction norm and development of adaptive PP under minimal genetic divergence, depends on a number of parameters, such as spatial and temporal heterogeneity of the environment, mobility, and ability of the organisms to disperse as well as genetic architecture of traits affecting adaptability [27, 28] .
(4) Adaptive PP as a Directing and Accelerating Factor of Evolution. Genetic Assimilation
Adaptive PP can not only inhibit adaptive evolution but also accelerate and direct it owing to such mechanisms as genetic assimilation and the Baldwin effect [4, 5, 29] . Genetic assimilation of an adaptive plastic change can occur under selection if genetic variation of the capacity to such modification initially exists within a population [30, 31] . Acceleration of adaptive evolution in this case is achieved due to the fact that waiting for a mutation shifting the phenotype towards the optimum is unnecessary [1, 32] .
A model of speciation based on the ontogenetic plasticity was suggested, according to which new adaptive traits first appear as modifications and are further subjected to genetic assimilation in habitats with alternative conditions, which can lead to divergence of plastic ancestral species into two (or more) specialized and nonplastic descendant species [8, 9, 33] . It is possible that salamanders of genus Ambystoma, whose paedomorphic forms that do not emerge and ground metamorphs were initially two alternative phenotypes determined by the environment (size of the water body), underwent evolution according to this scheme; further, certain species became obligate paedomorphs and certain became obligate metamorphs [34] .
In addition, PP can contribute to speciation by accelerating the development of prezygotic reproductive isolation if it affects traits directly or indirectly associated with the search and choice of sexual partner [1, 35, 36] .
A possibility of fast genetic assimilation of adaptive modifications during adaptation to unfavorable conditions was confirmed in our evolutionary experiment performed on Drosophila melanogaster. ST (Mst line). Transfer of unadapted flies on ST medium stimulates intensive egg laying by young females, as well as accelerated reproductive aging, increased mortality rate, and reduced average life span. From these plastic changes, the first one is adaptive, because the specimens that were able to effectively reproduce during their youth gain selective advantage under a high mortality rate. After a year of adaptation to depleted medium (20-25 generations), genetic assimilation of increased early fertility occurred in the Mst line. This trait became hereditary and now manifests on both nutritional mediums in Mst flies, including the ones raised on the N medium and hybrids of Mst and Mn [37] .
Stabilizing selection that increases stability of realization of phenotype optimal under given conditions is not the only possible mechanism of genetic assimilation. Assimilation can occur "passively" as a result of mutational degradation of regulatory mechanisms that switch ontogenesis on to an alternative route (e.g., if they are not used for a prolonged period due to environmental stability). Modeling the evolution of ontogenesis represented as a complex network of regulatory interactions demonstrated that an additional mechanism based on selection by stability (canalization) of ontogenesis as a whole, without regarding how close to the optimum the resulting phenotype is, is possible [38] . This mechanism allows genetic assimilation of neutral modifications, i.e., variants of plastic trait which are in no way better than other variants and in themselves do not grant selective advantage [31] .
Nonadaptive modifications can be a subject to genetic assimilation, apparently only due to "hitchhiking," if they are correlated with useful traits. However, one peculiar case exists: evolution of accelerated aging under high nonspecific mortality (e.g., falling into unfavorable conditions). Reduced life span in unfavorable conditions is an example of nonadaptive PP. However, evolutionary effect of this plastic change is unusual: it takes late stages of life cycle out of selection and allows free accumulation of mutations with late manifestations of deleterious effects (including pleiotropic alleles that increase fitness in youth by the cost of reduced fitness in late life). Under conditions of high mortality rates, deleterious effects of such mutations simply do not have time to be expressed in phenotype and, thus, selection cannot prevent their accumulation [39, 40] . As a result, genetic assimilation of nonadaptive plastic change occurs: reduced life span that becomes hereditary and will further manifest even in favorable conditions. In our evolutionary experiment, this phenomenon occurred in Mst flies adapted to depleted nutritional medium based on starch: inherited reduction of life span became the result of high mortality [37] . However, if mortality is selective and hereditary variation of resistance to death-inducing factor exists, then enhancement of the latter may lead to an opposite effect: a prolonged life span [41, 42] , which can be interpreted as an example of genetic compensation (see below).
Certain Russian evolutionists absolutize the role of destabilizing and adaptive PP, assuming that new adaptations and species always form according to the following pattern: environmental changes; destabilization of ontogenesis; formation of new phenotype, including adaptive ones, under an unchanged genome; genetic assimilation. For example, in the review of Shishkin, page 181 [43] , it is stated that "Evolutionary changes start from the phenotype and spread towards the genome as they are stabilized, rather than on the contrary." These views are positioned as a special "epigenetic theory of evolution" that is fundamentally incompatible with classic concepts, which postulate that evolutionary changes begin with the genotype [43] [44] [45] [46] . From our point of view, the basis for absolutizing this scenario is lacking due to the presence of numerous examples of thoroughly studied evolutionary events that evidently did not assume this scheme [47] . Such a strong opposition of "epigenetic theory" to widely accepted opinion is doubtfully warranted either. In many sources in English, close ideas and their evidence are discussed constructively while not rebutting classic concepts [1, 8, 9, 48] .
(
5) Nonadaptive PP as an Inhibiting Factor of Evolution
Similar to adaptive PP, nonadaptive PP also can both inhibit and accelerate evolution depending on the circumstances. The simplest example of nonadaptive PP is decreasing fertility, sexual attractiveness, immune levels, or other phenotype parameters that affect fitness during changes in the environment. These plastic changes can block the adaptation, putting the very survival of a population in new conditions at risk.
Even if a population survives and begins to adapt to an unfavorable environment, forming adaptations will at first be masked by nonadaptive PP. This may lead to the immigrants from favorable habitats without genetic adaptation to the current environment nevertheless winning in competition and driving adapted aboriginals out. The concept of the possibility of such a mechanism of negative influence of nonadaptive PP on adaptation and divergence was purposed earlier [9] ; however, as far as we know, it was never confirmed experimentally. We were able to confirm it within the framework of the aforementioned evolutionary study [48] . After ten generations of experimental evolution, Mn and Mst lines demonstrated differences in adaptability to nutritional mediums N and St, which seem paradoxical: they lose in competition to the outsiders on "their own" medium and win on that of the "outsiders." We suggested that low adaptability of Mst flies to St medium is explained by maternal effect ("starving mother effect"), which is a type of nonadaptive PP. It is possible that Mst flies have actually adapted to St medium, but these adaptations are masked by the fact that females raised on depleted medium produce eggs with lower supply of deficient nutrients. Larvae that emerge from such eggs successfully develop on rich N medium but experience delays in development on depleted St medium. To test the hypothesis, adaptability was evaluated in flies that were raised on N medium for one generation in order to remove nonadaptive PP. As expected, after this procedure, Mst flies demonstrated increased adaptability to St medium compared to Mn line. This result coincides with the concept of nonadaptive PP being able to mask an adaptation to unfavorable environment and prevent divergence, allowing immigrants from favorable habitats to win in competition on unfavorable substrates with resident specimens who already adapted to them [49] .
(6) Nonadaptive PP as an Accelerating Factor of Evolution. Genetic Compensation
Nonadaptive PP can not only inhibit adaptive evolution but also accelerate it; direction of the plastic and evolutionary changes in this case will be the opposite. The suggested mechanism is based on the fact that nonadaptive PP shifts trait in the direction opposite from optimum, thus intensifying selection pressure on it. This selection is denoted as countergradient selection; e.g., delayed development under decreasing temperatures is typical for many poikilothermic animals. This does not contribute to adaptation to high latitudes, where, due to a short summer, fast development is favorable. In this case, nonadaptive PP facilitates selection for accelerated development. As a result, "genetic compensation" occurs: nonadaptive plastic changes are compensated by adaptive ones that are inherited [50] . This case can occur when populations adapted to cold and warm regions demonstrate similar rates of development in their natural habitats, while cold-adapted specimens will develop faster under the same temperatures. This phenomenon is called "cryptic evolution," because populations that are genetically different demonstrate similar phenotypes under environmental conditions natural to them. This term is applicable to the aforementioned case, when adaptation to unfavorable nutritional medium is masked by nonadaptive PP.
A strong confirmation of the fact that nonadaptive PP can direct evolution opposite to the direction of plastic changes was obtained during studies on guppy (Poecilia reticulata), which became a classic object for evolutionary research due to the work of J.A. Endler and D.N. Reznick. Direction of selection of P. reticulate depends on the presence or absence of predators (Trinidadian pike cichlids Crenicichla frenata). Predators perform selection on accelerated maturation and protective color patterns. If predators are absent, intraspecific competition becomes the main factor of selection, and males with late development and colorful coloration gain advantage [51, 52] . These differences are based on the changes in expression of numerous genes. A total of 135 genes, the expression of which changed in a similar way in different populations that settled independently into water bodies without predators, were revealed. These genetically determined and apparently adaptive changes were compared with plastic changes in expression of the same genes that occur in fishes adapted to the presence of predators, if they are placed in water without a predator's smell. It was found that, in most (89%) of the studied genes, plastic changes of expression levels were directed opposite to evolutionary advantage [53] . Thus, almost all discovered PP was nonadaptive. Naturally, this does not mean that nonadaptiveness is intrinsic to PP. Direction of plastic changes in expression is most likely random (does not depend on its own impact on fitness). Guppies from natural populations rarely move to new water bodies with the number of predators considerably different from that common to them. Thus, selection did not provide guppies with a reliable mechanism of adaptive PP. However, further course of evolution depends on the direction of plastic changes. If a plastic change is nonadaptive, selection pressure for a trait is increased, shifting it towards the optimum. This interpretation is consistent with the fact that plasticity of expression levels of studied genes is decreased in populations adapted to the predator's absence. Because this plasticity is nonadaptive, selection works against it, narrowing the range of reaction norm [53] .
(8) Changes in Symbiotic Microbiota as a Special Case of PP
Symbiotic microbiota plays an important role in multicellular organisms; it can be inherited from parents but can also alter relatively quickly in a changing environment [54] . Specifically, microbiome of D. melanogaster influences the growth rate of its larvae, their survival ability under unfavorable conditions, life span of imago, and effectiveness of nutritional substrate usage [55] [56] [57] . Flies carry bacterial and yeast cells in their intestines and on body surface; for larvae, consumption of substrate used by their parents facilitates transfer of microbiome through generations [56, 57] .
During the course of evolutionary experiment on D. melanogaster, we obtained data indicating an important contribution of the changes in microbiome to flies' adaptation to nutritional medium with high (4%) NaCl contents. For wild D. melanogaster, concentration of salt in nutrition exceeding 2% is an unfavorable factor, responsible for delay in larval development and increased mortality. However, after several dozen generations, laboratory lines of D. melanogaster can adapt to concentration of NaCl up to 6-8% [5, 58] . This result was confirmed during our experiment [59] . To test the hypothesis on contribution of microbiome to adaptation, we compared the reproductive effectiveness and the rate of development of D. melanogaster on nutritional medium with salt, on which a Vol. 71
No. 4 2016 MARKOV, IVNITSKY homogenate of flies either belonging to laboratory lines adapted to it (Ms) or control lines (Mn) was applied beforehand. The presence of homogenate of Ms flies was found to increase reproductive effectiveness and developmental rate of larvae on salty nutritional medium. This result coincides with a suggestion on microbiome contribution to adaptation of D. melanogaster to salty substrates.
Adaptations determined by changes in microbiota can be viewed as a particular case of adaptive PP, because the host phenotype changes under environmental influence with an unchanged genome. They must differ from "common" genetic adaptations by having decreased heritability and instability. Although microbiota of D. melanogaster is inherited from parents due to the larvae feeding on the same substrate, its composition alters after changing nutritional substrate [56] . Similar to the common PP, these adaptations may affect the evolution of the host. Rapid adaptive changes of microbiome that facilitate the host's survival in unfavorable conditions can serve as an "evolutionary buffer," weakening selection and inhibiting the host's evolution.
Common adaptive modifications may appear to be fundamentally different from "adaptations based on microbiome" by the fact that the first are not inherited, while the latter can be inherited by means of vertical transmission of simbionts. It is of interest that adaptations inherited this way are capable of "quasiMarkovian" evolution: a microbiome that altered during the life of a parent can be directly transferred to offspring [60] . However, in a number of cases, this is true for the common PP, unconnected with microbiome, as well. For example, modifications of behavioral traits occurring in a specimen's lifetime and comprising an important part of the phenotype of higher animals can be inherited by learning [61] , with a possibility of genetic assimilation due to the Baldwin effect [29] . A possibility of inheritance due to maternal effects [62] or epigenetic genome modifications [63] was demonstrated for a number of plastic changes.
PP based on microbiome changes can also be nonadaptive, with all its consequences. A prime example of it is the impact of intestinal bacteria on mammalian social behavior. Disturbed social behavior is typical for the offspring of mice that fed on fatty food. This phenomenon is caused by a decrease in population of bacterium Lactobacillus reuteri in female's intestines, which transfer the changed microbiota to the offspring during feeding. Deficiency of L. reuteri leads to underdevelopment of oxitocinergic neurons of hypothalamus in young mice; this decreases the response of dopamine neurons in the ventral tegmental area (VTA) to social stimuli; as a consequence, animals lose interest in communication. These pathological symptoms do not develop if L. reuteri is added into drinking water of young mice starting at the age of three weeks [64] . Conclusions obtained in experiments on mice may be of importance to humans as well [65] .
Thus, the evolutionary role of PP is apparently more important and diverse than was assumed in decades after wide acceptance of the central dogma. The fact that plastic changes cannot be "written" directly into a genome does not mean their insignificance for evolution and can be ignored in course books and generalizing studies of evolutionary biology. Research on the evolutionary role of PP has essentially just begun. Experimental evolution is a promising approach that allows us to trace the impact of PP on the course of organismal adaptation to changing environmental conditions in great detail.
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